The collector efficiency in a downward-type double-pass external-recycle solar air heater with fins attached on the absorbing plate has been investigated theoretically. Considerable improvement in collector efficiency is obtainable if the collector is equipped with fins and the operation is carried out with an external recycle. Due to the recycling, the desirable effect of increasing the heat transfer coefficient compensates for the undesirable effect of decreasing the driving force (temperature difference) of heat transfer, while the attached fins provide an enlarged heat transfer area. The order of performances in the devices of same size is: double pass with recycle and fins > double pass with recycle but without fins > single pass without recycle and fins. 
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Introduction
In addition to the essential effects of free and forced convections [1] [2] [3] , considerable improvement in collector efficiency is also achievable by attaching fins to increase the heat transfer area [1, 4] , and by using baffles [5] , or the matrix [6] to create the turbulent inside the flow channel. It was pointed out that applications of multi-pass [7] [8] [9] or recycle operation [10] [11] [12] [13] [14] [15] [16] can effectively enhance the performances of heat and mass transfer due to the increase in fluid velocity. The effect of external recycle on the performances in the single-pass [17] and double-pass [18] solar air heaters has been investigated. Considerable improvement in collector efficiency is obtainable if the operation is carried out with an external recycle, where the desirable effect of increasing fluid velocity can generally compensate for the undesirable effect of decrease in heat-transfer driving force (temperature difference) due to remixing by recycle operation. It is the purpose of this work to further investigate the performance in a downward-type double-pass external-recycle solar air heater with fins attached on the absorbing plate.
Theoretical Analysis
Consider a recycling double-pass solar air heater with n fins attached on the absorbing plate, as shown in Figure 1 . The width, length and height of the flow channel are B, L and H, respectively. An insulated plate with negligible thickness is placed vertical to the absorbing plate and bottom plate, at the centerline to divide the flow channel into subchannel 1 and subchannel 2 of equal width B/2, and that a pump is installed for recycle with reflux ratio R. For a double-pass operation with external recycle, before entering subchannel 1, the airflow with mass flow rate m  and inlet airflow temperature T i will mix with part of the airflow exiting from subchannel 2 with mass flow rate R m  and outlet airflow temperature T fo . The following assumptions are made in the analysis: (1) the absorbing-plate, bottom-plate and bulk-fluid temperatures are functions of the flow direction (z) only; (2) both glass cover and fluid do not absorb radiant energy; (3) except the glass cover, all parts of the outside surface of solar air collector, as well as the thin plate for separation subchannels 1 and 2, are well thermally insulated; (4) the physical properties of the fluid and materials are constant; and (5) steady state operation. 
Temperature Distribution for the Fluid in Subchannel 1
The steady-state energy balance for a differential section of the absorbing plate with n fins attached, bottom plate and flowing fluid are, respectively:
where:
in which A f (= 2nw 2 L) and A c (= BL) are the surface areas of fins and absorbing plate, respectively, while η f denotes the fin efficiency [19] , i.e.:
and:
where w 2 and k s are the height of a fin and thermal conductivity of the absorbing plate and fins, respectively, while t is the fin thickness. Solving Equations (1) and (2) for (T p − T f1 ) and (T R − T f1 ):
The detailed explanation in the derivations of Equations (7) and (8) are expressed mathematically and shown in Appendix. Substituting Equations (7) and (8) into Equation (3), we have:
in which F' is called collector efficiency factor, which is essential constant for any design and fluid flow rate [20] , and U t is the loss coefficient from the top of the solar collector to the ambient. If U t is assumed to be constant along the flow direction, Equation (9) can be easily integrated for the boundary condition:
The result is:
Equation (12) is the temperature distribution of the bulk fluid along the flow direction of subchannel 1. Thus, the fluid temperature at the outlet of subchannel 1 is readily obtained from Equation (12) by substituting the condition:
where A c = BL = nw 1 L, surface area of the absorbing plate.
Temperature Distribution for the Fluid in Subchannel 2
The differential energy-balance equation for the fluid in subchannel 2 is readily obtained by following the same procedure from Equation (1) through Equation (13) with T f1 and (dT f1 /dz) replaced by T f2 and-(dT f2 /dz), respectively. The result is:
Integrating Equation (14) with the use of the boundary condition:
one has the temperature distribution for the fluid in subchannel 2 as:
Thus, in addition to Equation (13), the fluid temperature T' f at the inlet of subchannel 2 (z = L) is also obtained from Equation (16) by substituting z = L and T f2 = T' f . The result is:
Collector Efficiency and Fluid Outlet Temperature
The fluid outlet temperature is readily obtained by combining Equations (13) and (17) to eliminate T' f as:
Two different expressions for the useful again of energy Q u carried away by air can be obtained as:
Inspection of Equation (19) shows that the mixed inlet temperature T i 0 due the recycle is not specified a prior. The relation for the mixing effect at the inlet in Equation (20) was used for determination of this value. Thus, a combination of Equations (19) and (20) gives:
The collector efficiency may be defined as:
Substitution of Equation (18) into Equation (22) gives:
where the heat-removal factor for solar air heater is defined as:
Substitution of Equation (21) into Equation (24) with the aid of Equation (18) to eliminate T i 0 and T fo yields:
Once the collector efficiency is determined, the fluid outlet temperature is readily obtainable from Equation (23), i.e.:
Mean Fluid and Absorbing-Plate Temperatures
The mean fluid and absorbing-plate temperatures are needed for calculating the heat-transfer coefficients. The mean-fluid temperature may be defined as:
Substituting Equations (12) and (16) into Equation (28) and integrating, we have:
With the use of Equations (23) and (24) to eliminate T fo and T i 0 , respectively, T fm in Equation (29) can be expressed in term of η cf as:
The mean absorbing-plate temperature may be defined in term η cf as:
or:
Equations (30) and (32) are the expressions of T fm and T pm in terms of η cf .
Heat-Transfer Coefficients
The convective heat-transfer coefficient h w for air flowing over the outside surface of the glass cover depends primarily on the wind velocity V. McAdams [21] obtained the experimental result as:
An empirical equation for the loss coefficient from the top of the solar collector to the ambient U L was developed by Klein [22] following the basic procedure of Hottel and Woertz [23] . For the horizontal collector shown in Figure 1 
The radiation coefficient between the two air-duct surfaces may be estimated by assuming a mean radiant temperature equal to the mean fluid temperature [20] :
In the study of solar air heaters and collector-storage walls, it is necessary to know the forced convection heat-transfer coefficient between two flat plates. For air, the following correlation may be derived from Kays' data for fully developed turbulent flow with one side heated and the other side insulated [24] : Nu = hD e /k = 0.0158 Re 0.8 (36) where the equivalent diameter of the ducts are:
and the average air velocities in subchannels 1 and 2 for double-pass operation are:
Thus, from Equations (37) and (38), one obtains the Reynolds numbers for the rectangular ducts as:
Calculation Method for η cf and T fo
The calculation of prediction values for collector efficiency and outlet fluid temperature is now described as follows. First, with known collector geometries (L,B,H) and system properties ) , , , , , , , , , (
, as well as the given operating conditions
, a temporary value of η cf is estimated from Equation (26) once T fm and T pm are assumed. The values of T fm and T pm are then checked by using Equations (30) and (32), respectively, and new values of T fm and T pm may be obtained. If the calculated values for T fm and T pm are different from the assumed values, continued calculations by iteration is needed until the last assumed values meet the finally calculated values, and thus the corresponding value for η cf is also finally obtained. Once the correct value of η cf is obtained, the outlet fluid temperature is readily calculated from Equation (27).
The following flow sheet may be helpful for simply expressing the calculation procedure:
with and assumed Equation (30) Equation (20) Equation (26) Equation (32) Equation (27) 0 , , , , , , , , , , Given and , , , , , , ,
Results and Discussion

Numerical Example
The improvement in performance of an external-recycle double-pass solar air heater with n fins attached on the absorbing plate may be illustrated numerically by using Table 1 Table 1 . Physical properties of air at 1 atm [20] . By substituting the specified values into the appropriate equations with the use of Table 1 for the physical properties of air, theoretical predictions for collector efficiency and outlet air temperature were obtained. 
Effects of Operating Parameters on Collector Efficiency
As might be expected, the outlet air temperature T fo increases with the inlet air temperature T i , resulting in decrease in collector efficiency η cf . 
Improvement in Performance by Recycling
The improvements I f and I in collector efficiencies (η cf and η c ) by using the double pass recycled collectors with and without fins attached are best illustrated by calculating the percentage increase in collector efficiency based on η 0 obtained in the single-pass device of same size, operated without recycling and fins attached, i.e.: The theoretical values of I f for the system of present interest with the given values of η 0 [17] , were calculated using Equation (41), and the results are listed in Table 2 . The predicted values for I without fins were already calculated in the previous work [18] , and the results are also presented in Table 2 
Effect of Fin Attached on Device Performance
The improvements I in collector efficiency obtained in a double-pass recycled solar air heater of the same size but without fins attached [18] , are also listed in Table 2 and R = 1 for example, more than 23% improvement (I f − I = 92.52 − 69.17%) is obtained when employing the recycled double-pass collector with fins attached, instead of using the same device but without fins, which was employed in the previous work [18] . The further enhancement in collector efficiency E by attaching fins on the absorbing plate may be illustrated, based on the device of same size but without recycle, as:
Equation (43) may be rewritten using Equations (41) and (42) as: 
Some values of E were calculated from Table 2 , and the results are listed in Table 3 . As seen this table, the further enhancement of the collector efficiency in the device with fins increases with the solar radiation incident I 0 , while decreases when the air flow sate m  and reflux ratio R increases. The influence of the inlet air temperature T i on E is not evident. 
Conclusions
The performance in a double-pass solar air heater with external recycling was investigated in a previous work [18] . In the present study the absorbing plate of this device is attached with fins for further improved performance. The predicting equation for the useful gain Q u , the collector efficiency η cf and the outlet air temperature T fo , were derived from the energy balance for the absorbing plate, the bottom plate and flowing air. The calculation of η cf , T fo and Q u may be generally based on Equations (26), (27) and (20), respectively. The most important assumption is that except for the glass cover, all parts of the outside surface of the solar air collector, as well as the insulated plate for separating two flow channels, are well thermally insulated.
In addition to the double-pass operation with external recycling, further enhancement in collector efficiency is obtainable if the operation is carried out also with fins attached on the absorbing plate. The further enhancement E based on the device without fins, reaches 13.8% for I 0 = 1100 W/m 2 , T i = 298 K, kg/s 01 . 0  m  and R = 1. E decreases when the air flow rate and/or the reflux ratio increase. As expected, therefore, employing the fins attached on the absorbing plate, is ineffective when the performance is operated under large reflux ratio with high air flow rate.
The improvements of collector efficiencies, I f and I, in the recycled devices with and without fins attached, increase with increasing reflux ratio, especially for operating at lower air flow rate. It is shown in Table 2 and Figures 2-5 that the desirable effect of increasing the fluid velocity by recycle operation compensates for the undesirable effect of decreasing driving force (temperature difference) for heat transfer due to the remixing at the inlet. We can see in Table 2 that about 130% improvement I f in collector efficiency is obtained by employing the recycled double-pass solar air heater with fins attached, based on the single-pass device of same size operated without fins. The order of performances in the devices of same size is: double pass with recycle and fins > double pass with recycle but without fins > single pass without recycle and fins.
